yields with narrow emission bandwidth, size tunable optical properties, strong optical absorption, and more impor tantly, good environmental stabilities. [1] [2] [3] They have also been applied to develop high performance solar cells, light emit ting diodes (LEDs) and lasers. [4] [5] [6] [7] Several recent works [8] [9] [10] [11] have pioneered the appli cation of IPQDs in photodetectors with vertical (photodiode) and lateral (photo conductor and photo transistor) device structures. However, most of them show low responsivity up to ≈0.64 A W −1 . The reported responsivities of IPQD devices are limited by poor carrier mobility due to the choice of interparticle ligand mate rials and high density of defect states. [12] To develop highresponsivity photodetec tors, it is vital to increase carrier diffu sion length. One approach is to decrease the density of defects and increase car rier mobility, which has been a prevalent research topic. [13] However, an alternative method to increase responsivity is to separate electrons and holes into different paths and suppress radiative recombination with the aid of layered heterojunction (LHJ). [14] This strategy should facili tate the extractions of generated carriers and thus increase the photocurrent. There are some recent works adopting this strategy and thus improving the responsivity. Zhou et al. [15] fab ricated CsPbBr 3 QD/TiO 2 compositebased photodetectors and obtained a 44fold responsivity enhancement compared to pris tine CsPbBr 3 QD photodetectors over the detection range from 350 to 550 nm. Chen et al. [16] reported hybrid phototransistors based on CsPbBr 3 QD/DTT heterojunctions and achieved the responsivity up to 1.7 × 10 4 A W −1 , however, the detection range only reached up to green wavelength on the long side. Kwak et al. [17] fabricated CsPbBr 3-x I x QD/graphene bilayer photode tectors, exhibiting a very high responsivity (≈10 8 A W −1 ) but a decent onoff ratio, the detection wavelength range is limited up to ≈650 nm. These findings encourage us to use a LHJ film in the photodetector to enhance the performance. Although such IPQDbased hybrid photodetectors exhibit high respon sivity, the detection wavelength regions are still restricted to ultravioletvisible (UV-vis) range and cannot reach near infrared (NIR) region. Furthermore, among all reported IPQD detectors, few of them are based on CsPbI 3 QDs and targeted All-inorganic perovskite quantum dots (IPQDs) are a promising material for use in various optoelectronic devices due to their excellent optoelectronic properties and high environmental stability. Here, a high-performance phototransistor based on a layered heterojunction composed of CsPbI 3 QDs and a narrow-bandgap conjugated polymer DPP-DTT is reported, which shows a high responsivity of 110 A W −1 , a specific detectivity of 2.9 × 10 13 Jones and a light to dark current ratio up to 6 × 10 3 . The heterojunction phototransistor exhibits unipolar p-type and gate bias modulated behaviors. In addition, the device exhibits a broad spectral detection range from ultraviolet to near infrared. The high sensitivity of the device is attributed to the layered heterojunction and the gate bias modulation property. The work overcomes the existing limitations in sensitivity of IPQD photodetectors due to the poor charge transport between QDs. The convenient solution-processed fabrication and excellent device performance especially suggest the IPQD/narrow-bandgap conjugate polymer heterojunction as a promising structure for potential applications of ultrasensitive broadband photodetectors compatible with a wide variety of substrates.
A Highly Sensitive UV-vis-NIR All-Inorganic Perovskite Quantum Dot Phototransistor Based on a Layered Heterojunction
Chen Zou yields with narrow emission bandwidth, size tunable optical properties, strong optical absorption, and more impor tantly, good environmental stabilities. [1] [2] [3] They have also been applied to develop high performance solar cells, light emit ting diodes (LEDs) and lasers. [4] [5] [6] [7] Several recent works [8] [9] [10] [11] have pioneered the appli cation of IPQDs in photodetectors with vertical (photodiode) and lateral (photo conductor and photo transistor) device structures. However, most of them show low responsivity up to ≈0.64 A W −1 . The reported responsivities of IPQD devices are limited by poor carrier mobility due to the choice of interparticle ligand mate rials and high density of defect states. [12] To develop highresponsivity photodetec tors, it is vital to increase carrier diffu sion length. One approach is to decrease the density of defects and increase car rier mobility, which has been a prevalent research topic. [13] However, an alternative method to increase responsivity is to separate electrons and holes into different paths and suppress radiative recombination with the aid of layered heterojunction (LHJ). [14] This strategy should facili tate the extractions of generated carriers and thus increase the photocurrent. There are some recent works adopting this strategy and thus improving the responsivity. Zhou et al. [15] fab ricated CsPbBr 3 QD/TiO 2 compositebased photodetectors and obtained a 44fold responsivity enhancement compared to pris tine CsPbBr 3 QD photodetectors over the detection range from 350 to 550 nm. Chen et al. [16] reported hybrid phototransistors based on CsPbBr 3 QD/DTT heterojunctions and achieved the responsivity up to 1.7 × 10 4 A W −1 , however, the detection range only reached up to green wavelength on the long side. Kwak et al. [17] fabricated CsPbBr 3-x I x QD/graphene bilayer photode tectors, exhibiting a very high responsivity (≈10 8 A W −1 ) but a decent onoff ratio, the detection wavelength range is limited up to ≈650 nm. These findings encourage us to use a LHJ film in the photodetector to enhance the performance. Although such IPQDbased hybrid photodetectors exhibit high respon sivity, the detection wavelength regions are still restricted to ultravioletvisible (UV-vis) range and cannot reach near infrared (NIR) region. Furthermore, among all reported IPQD detectors, few of them are based on CsPbI 3 QDs and targeted All-inorganic perovskite quantum dots (IPQDs) are a promising material for use in various optoelectronic devices due to their excellent optoelectronic properties and high environmental stability. Here, a high-performance phototransistor based on a layered heterojunction composed of CsPbI 3 QDs and a narrow-bandgap conjugated polymer DPP-DTT is reported, which shows a high responsivity of 110 A W −1 , a specific detectivity of 2.9 × 10 13 Jones and a light to dark current ratio up to 6 × 10 3 . The heterojunction phototransistor exhibits unipolar p-type and gate bias modulated behaviors. In addition, the device exhibits a broad spectral detection range from ultraviolet to near infrared. The high sensitivity of the device is attributed to the layered heterojunction and the gate bias modulation property. The work overcomes the existing limitations in sensitivity of IPQD photodetectors due to the poor charge transport between QDs. The convenient solution-processed fabrication and excellent device performance especially suggest the IPQD/narrow-bandgap conjugate polymer heterojunction as a promising structure for potential applications of ultrasensitive broadband photodetectors compatible with a wide variety of substrates.
Introduction
In recent years, allinorganic perovskite quantum dots (IPQDs) (CsPbX 3 , X = Cl, Br, or I) have been the subject of intensive studies because of their high photoluminescence (PL) quantum to NIR detection to the best of our knowledge, which may be attributed to the relatively poor stability of CsPbI 3 due to its high Goldschmidt tolerance factor. [18, 19] Commercial photodetectors fabricated with gallium nitride (GaN), silicon (Si), and indiumgallium arsenide (InGaAs) are for sensing UV, visible, and NIR light, respectively. [20] Although IPQDs have sizetunable bandgaps, the spotlight allinorganic perovskites, CsPbX 3 (X = Cl, Br, I) can only absorb photons in the UV-vis region due to their large bandgap. [3, 21] In spite of this, the designed narrow bandgap conjugated polymer in a LHJ can help extend photodetection wavelength to the NIR region. [14, 22] In this study, we report a heterojunction photo transistor employing a LHJ structure composed of CsPbI 3 QD film and a narrowbandgap conjugated polymer (DPP DTT) through the solutionprocessed method. The DPPDTT polymer was chosen due to the high carrier mobility and NIR absorption capacity. [23, 24] Combining UV-vis absorption of CsPbI 3 QDs and NIR absorption of DPPDTT as a complemen tary light absorber, the asfabricated phototransistor exhibits a wide photo detection range from 350 to 940 nm (normal ized responsivity reduced to 0.1). Furthermore, compared to the pristine IPQD photodetector, The LHJ strategy and gate modulation property help this gatetunable heterojunction phototransistor achieve a high responsivity up to 110 A W −1 , a specific detectivity of 2.9 × 10 13 Jones and good photoswitching characteristics. More importantly, the device exhibits excellent environmental stability with only 20% responsivity degradation after being stored in air for 1 month. Therefore, these excellent results indicate the solutionprocessed IPQD/narrowbandgap conjugated polymer based LHJ structures have great potential for constructing highperformance broadband phototransis tors, especially in NIR region. The convenient fabrication pro cess also warrants exploration for mass production with broad substrate compatibility and use in photoelectronic applications such as imaging, sensing, and communication.
Results and Discussion
The CsPbI 3 QDs used herein were synthesized via the method reported in the previous literatures. [25, 26] MeOAc was used to purify CsPbI 3 QDs and the obtained QD solution could be stored in air for several months. The CsPbI 3 QD/DPPDTT het erojunction phototransistors were fabricated with the configura tion shown in Figure 1a . Figure 1b presents the crosssectional device structure and electrical measurement setup. For the bottom gate, bottom contact configuration, a heavily ndoped silicon wafer was used as the backgate electrode, 200 nm thick SiO 2 was thermally grown on Si to form the compact dielectric insulator layer (capacitance C ox of 17.3 nF cm −2 ). The sourcedrain electrodes were thermally evaporated onto the substrates with a channel length L = 100 µm and a channel width W = 1 mm. A DPPDTT polymer thin film was spin cast onto the prepatterned substrate. Finally, the spincoated CsPbI 3 QD film covered the top and formed the LHJ. The surface morphology of CsPbI 3 QD film fabricated on DPPDTT is characterized by the top view scanning electron microscopy (SEM) image, as shown in Figure 1c , which implies a relatively full coverage of CsPbI 3 QDs on the DPPDTT film. Atomic force microscopy (AFM) was used to investigate the surface roughness of the 2 region, the RMS roughness is extracted to be 3.6 nm. e) TEM image of the synthesized CsPbI 3 QDs, the scale bar is 20 nm.
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CsPbI 3 QD film, the result is presented in Figure 1d . The root mean square (RMS) roughness is 3.6 nm within a 4 × 4 µm 2 region. The crosssectional SEM image of the device was shown in Figure S1 (see the Supporting Information). The CsPbI 3 QD film is dense and uniform, spanning the entire layer. It is also observed that the interface between DPPDTT and CsPbI 3 QD film is smooth and continuous without obvious fluctuations, which is essential to facilitating carrier transport and obtaining highperformance phototransistors. Figure 1e illustrates the transmission electron microscopy (TEM) image of the CsPbI 3 QDs, showing that the CsPbI 3 QDs have a welldefined cubic crystalline structure with an average size of ≈10 nm.
To further understand the underlying mechanism of the LHJ structure, the optical properties of pure CsPbI 3 QD, pure DPP DTT, and CsPbI 3 QD/DPPDTT films were also characterized. Figure 2a shows the UV-vis absorption spectra of CsPbI 3 QD, DPPDTT, and CsPbI 3 QD/DPPDTT films. The spectrum of the CsPbI 3 QD film shows an absorption edge at the wavelength of ≈700 nm, which is consistent with the bandgap and the PL emission of CsPbI 3 QDs. The DPPDTT film has a dominant absorption band centered at 803 nm, located outside the absorp tion spectrum of the CsPbI 3 QD film. Therefore, the CsPbI 3 QD/DPPDTT bilayer film presents a complementary absorp tion with the absorption edge extended to 940 nm, making it a great candidate for the fabrication of UV-vis-NIR photodetec tors. The energy band diagram of the LHJ structure is presented in Figure 2b , in which a LHJ is formed between the CsPbI 3 QD and DPPDTT layers. It is interesting to note the DPP DTT has absorption band outside of bandgap (1.7 eV), which may be attributed to excitonic absorption. [23] Upon UV-vis light illumination, excitons, or electron-hole pairs are generated in the perovskite layer. Holes tend to diffuse to the DPPDTT layer due to the shallower valence band, while electrons tend to accu mulate in the perovskite layer because of the existing electron barrier at the interface. Similarly, upon NIR light illumination, excitons or electron-hole pairs are generated in the DPPDTT layer instead, the perovskite/DPPDTT interface helps sepa rate the electrons and holes and suppress their recombination, which thus increase the photocurrent. The DPPDTT we use herein is a ptype polymer with a high hole mobility of ≈0.2 cm 2 V −1 s −1 , whereas the mobility of CsPbI 3 QDs was measured to be ≈2.6 × 10 −5 cm 2 V −1 s −1 (see Figures S2 and S3 , Supporting Information). Therefore, the channel current of the device should be attributed to hole transport in the DPPDTT layer and the current across the perovskite layer is relatively negligible considering the low mobility of the perovskite QDs. Figure 2c exhibits the transient PL decay spectra of the IPQD film and IPQD/DPPDTT film on glass substrates. Fitting the data with a biexponential decay equation yields two timeconstants τ 1 and τ 2 , which accounts for fast recombination due to surface defects and relatively slow bulk recombination, respectively. [27, 28] It is clearly observed that the PL intensity of the IPQD/DPPDTT film decays much faster than that of the pristine IPQD film, which provides a further evidence for the hole transfer between the IPQDs and the DPPDTT. Figure 2d shows the steadystate PL spectra of the IPQD film and IPQD/DPPDTT film on glass substrates. Both samples exhibit a PL peak around 685 nm, which is consistent with the bandgap of CsPbI 3 QDs. However, the peak PL intensity of the IPQD/DPPDTT film was quenched by ≈60% compared to that of the pristine IPQD film. Such www.advopticalmat.de a significant quenching is due to the efficient carrier transfer and exciton dissociation at the interface. [29] We First studied and compared the performance of the CsPbI 3 QDbased phototransistors without (device A) and with a DPPDTT layer (device B), respectively. The backgate voltage was first applied at 0 V (V GS = 0 V). Figure 3a presents the current-voltage (I DS -V DS ) curves of both devices in dark condition and under 405 nm UV laser illuminations with a light intensity of 18.8 mW cm −2 . As shown in Figure 3a , the dark current of the photodetector slightly increases from 0.12 (device A) to 0.79 (device B) nA at a drain-source bias (V DS ) of −10 V after introducing the DPPDTT layer. Upon illumination, the photoinduced carriers contributed to the current increase of both devices. The light current of device B was 1.24 µA at a V DS of −10 V, much higher than that of device A upon illu mination (8.84 nA). The corresponding photocurrents of both devices indicate that the introduction of the DPPDTT layer into the pristine IPQD photodetector enhances the photocurrent by more than two orders of magnitude. The responsivity (R), which is a key figure of merit for a photodetector, is given by
where I light and I dark represents the drain-source current under illumination and in dark condition. E e , W, and L are illumination intensity, channel width, and length, respec tively. The wavelengthdependent responsivity of device A and B were characterized at an applied V DS of −10 V in dark condition and under an illumination intensity of 18.8 mW cm −2 . As shown in Figure 3b, www.advopticalmat.de of the heterostructure effect. Apart from improved responsivity, device B exhibits a broader photoresponse, with the photodetec tion range extending to NIR region. Whereas the spectral respon sivity curve of device A shows a cutoff edge around 700 nm, which is in good agreement with the absorption spectra of CsPbI 3 QDs. To better illustrate the photoresponse performance of device B, the normalized spectral responsivity of device B is presented in Figure 3c . Due to the existence of the DPPDTT layer, the device shows a broad photodetection range from 350 to 940 nm, which provides a great potential for applications of NIR detection. The response speed is also an important parameter to be considered for a photodetector. The timedependent photo response behaviors of device A and B were studied by periodi cally turning the laser irradiation on and off. Figure 3d shows the photocurrent response of device B with a 405 nm UV light at V DS = −10 V. The photodetector exhibits stable and reproduc ible onoff photoswitching characteristics. It is observed that the photocurrent increases rapidly at the beginning of illumination and then increase slowly for seconds. This behavior can be fitted by a biexponential equation very well
where τ 1 and τ 2 are two rise times and A 1 and A 2 are mag nitudes. As shown in Figure 3e , the time constants τ 1 , τ 2 for the fitted rise curve are 0.23 and 7.72 s, respectively. The rise time (current increases from 10% to 90% of the peak value) is extracted to be 3.2 s. We note that these response times are much longer compared with the pristine IPQD photodetector (device A, response time is ≈50 ms, see Figure S5 , Supporting Information). This shortcoming can be attributed to the accu mulation process of electrons and holes in the perovskite and DPPDTT layer respectively, which is illustrated in Figure 3f . During the initial stage, generated holes diffuse from the perovskite layer to the DPPDTT layer, leading to rapid cur rent increase. With electrons and holes accumulating in the perovskite layer and the DPPDTT layer, more electron-hole recombination happens at the interface, leading to a smaller number of holes being collected by electrodes. In addition, a reverse builtin electric field is formed, suppressing the injec tion of holes. As a result, the increase of the photocurrent slows down under the continuous illumination. The channel current becomes stable only if the recombination rate is equal to hole injection rate. [30] We further measured the time dependent current under continuous illumination to confirm this, it took 2 min to reach the equilibrium (see Figure S6 , Supporting Information). In addition, similarly, we found that the channel current decay after turning off the illumination was also relatively slow. The decay time of the photodetector has previously been argued to be related with the carrier recombination time (lifetime, τ lifetime ). [31] The accumulation of electrons in the perovskite layer and the separation of elec trons and holes by the thin DPPDTT film could hinder the recombination process and extend carrier lifetime. [30, 32] Simi larly, the photocurrent decay trace can be also fitted using a biexponential function
The time constants τ 3 , τ 4 are 0.21 and 2.33 s. The short recombination time may represent the lifetime of electrons in the perovskite layer before they recombine with holes at the IPQD/DPPDTT interface, the long recombination time may correspond to the lifetime of electrons trapped in the perovskite layer. [33, 34] Both recombination time constants are larger com pared to pristine IPQD photodetector. Therefore, the holes will recirculate in the channel many times throughout their long carrier lifetimes, which contributes to photoconductive gain to be discussed next.
In summary, it is apparent that the photodetector employing the LHJ structure with highmobility DPPDTT as a charge conductor and CsPbI 3 QDs as a photosensitizer exhibit a greatly enhanced photoresponse than the pristine IPQD device although a slower response speed unavoidably supervenes. The high hole mobility in the DPPDTT layer results in a shorter transit time (τ transit ) between drain and source electrodes. More over, the longer carrier lifetime (τ lifetime ) of holes in the het erojunction photodetector compared to the CsPbI 3 QD device allows holes to recirculate many times in the channel between spaced electrodes before recombination. The photoconductive gain is typically given by [28] τ τ = Gain lifetime transit (4) Thus, the gain was improved by the CsPbI 3 QD/DPPDTT heterojunction. In the reference pristine CsPbI 3 QD photo detector, photogenerated electron-hole pairs recombined within a few nanoseconds (i.e., the PL lifetime was measured to be ≈4 ns, as shown in Figure 2c ), leading to significant decrease in photocurrent. In contrast, the heterostructure helps separate the electrons and holes and suppress the electron-hole pairs recombination.
We further explored the fundamental electrical and optical characteristics of the CsPbI 3 QD/DPPDTT heterojunction pho totransistor. The output characteristics of the heterojunction phototransistor were first tested in dark condition as shown in Figure 4a . The applied backgate voltage (V GS ) varies from 30 to −30 V. When V GS ranges from 30 to 0 V, the device is in off state without field effect contribution and small current was observed. However, As V GS becomes negative and below −10 V, the device starts to turn on and shows typical ptype linearto saturation current-voltage characteristics, which is similar to traditional field effect transistors. [35] [36] [37] [38] The threshold voltage (≈−10 V) can be estimated based on the transition from off to on state and confirmed by the I DS 1/2 versus V GS plot in dark condition (see Figure S2 , Supporting Information). Figure 4c . In dark state, the device www.advopticalmat.de exhibits bipolar ptype channel transport. The mobility of the device in the saturated region can be calculated using the fol lowing equation [31] I
where W, L, C i , and V th are the channel width and length, the gate capacitance per unit area and the threshold voltage, respec tively. The saturated hole mobility of the heterojunction photo transistor, estimated from the slope of the I DS 1/2 versus V GS plot at V DS = −30 V is founded to be 0.05
, the threshold is estimated to be about −3 V (see Figure S2 , Supporting Infor mation). It is interesting to note the mobility of CsPbI 3 QD/ DPPDTT heterojunction transistor is a little lower than that of DPPDTT transistor, which may be attributed to the highden sity defect states at the interface and the perovskite layer. [34, 39] The current of the heterojunction phototransistor increases significantly upon 405 nm illumination. Moreover, the transfer curve also shifts toward positive V GS with increasing light inten sity (see Figure S4 , Supporting Information). This shift can be attributed to the efficient photoinduced carrier separation and hole transfer at the interface. The accumulated electrons in the perovskite layer and the highdensity holes in the DPP DTT layer lead to an effective negative gate voltage, which can be regarded as the photogating effect. [30] The photocurrent and responsivity of the heterojunction transistors at V GS = −30 V, V DS = −30 V under different illumination intensities can be extracted from Figure 4c . As shown in Figure 4d , when plotted in log scale, both I ph and R have a linear dependence on the illumination intensity, the dependences can be fitted by the power's law of
. The factor β extracted herein is 0.31. The maximum responsivity of 110 A W −1 was achieved with the light intensity of 0.008 mW cm −2 . Further enhanced responsivity can be obtained with a smaller illumina tion intensity.
To further elucidate the gate modulation of the heterojunc tion phototransistor, the responsivity as a function of V GS under different illumination intensities with V DS fixed at −30 V are presented in Figure 5a . Maximum responsivity was found to be 110 A W −1 under the lowest illumination power density of 0.008 mW cm −2 at V GS = −30 V. It is noted that the respon sivity shows good gate bias modulation with onoff ratio of ≈100. When the gate bias is in the subthreshold region, the www.advopticalmat.de transferred holes in the DPPDTT layer will be trapped in the deep localized states with no contribution to the field effect cur rent. [40] on the other hand, the current will decrease due to the loss of holes. As the gate bias exceeds the threshold, mobile holes will efficiently accumulate in the DPPDTT layer to form a hole channel. The high hole mobility in the DPPDTT layer will contribute to a dramatic photocurrent increase, raising up responsivity conspicuously. The specific detectivity is another important figureofmerit to characterize photodetector perfor mances and is often stated in the shot noise limit as the fol lowing expression [41] D R S = 2eI * dark (6) where S is the device area (10 −3 cm 2 ). As shown in Figure 5b , a high D* of 2.9 × 10 13 Jones can be achieved. In addition, the light to dark current ratios can be calculated by I light /I off . The gate bias dependent I light /I off of the heterojunction photo transistor is presented in Figure 5c . The I light /I off ratio shows apparent gate bias modulation property with the maximum value as high as 6 × 10 3 obtained under a laser irradiance of 18.8 mW cm −2 . This ratio can be further enhanced by a larger laser irradiance. The large I light /I off ratio of our devices could be attributed to the threshold voltage shift toward positive voltage upon light illumination. [34] In dark condition, the devices oper ated at offstate when V GS = 0 V. Upon light illumination, the devices turned on at V GS = 0 V due to the threshold voltage shift, which increase the photocurrent dramatically. There fore, our heterojunction phototransistors can employ both the applied gate voltage and the incident light intensity to modu late the photocurrent, which have great potential applications in sensing, imaging, optical logic, etc. All these key parameters (R, D*, I light /I off ratio) of our heterojunction phototransistors have more satisfactory values compared with those of most IPQDbased photodetectors reported (see Table S1 , Supporting Information). [15, [42] [43] [44] The IPQD/graphene hybrid photodetec tors [17] showed very high R, however, D*, and I light /I off ratio are relatively low because of the high dark current. Besides the highperformance photodetection, our hetero junction phototransistors also exhibit a good environmental stability. The stability of our devices was investigated in ambient conditions (room temperature, 60% humidity) over time, the result is shown in Figure S7 (Supporting Information). The drain-source current was recorded over 1 month. We found the current could retain 80% of its original value in air without any capsulation after 30 d. It has been widely reported that the bulk perovskitebased optoelectronic devices are subjected to stability issues due to their low resistance to moisture. [45] Thanks to 0D structure and nanocrystal surface, the CsPbI 3 QDs can be sta bilized at room temperature. [25] Our synthesized CsPbI 3 QDs could be stored in air for more than 2 months, The absorp tion curve was recorded over time and no obvious change was observed after 2 months (see Figure S7 , Supporting Informa tion). The DPPDTT also has high stability in air and is protected by the perovskite layer on top. The good stability in both layers thus contributes to a stable heterojunction phototransistor in air.
Conclusion
In summary, we demonstrate a heterojunction phototransistor based on a LHJ film composed of CsPbI 3 QD and DPPDTT conjugated polymer. Thanks to the heterostructure strategy and gate modulation property, the asfabricated phototransistor exhibits excellent optoelectronic properties with a responsivity as high as 110 A W −1 and a specific detectivity of 2.9 × 10 13 Jones. The light-dark current ratio reaches up to 6 × 10 3 , much higher than that of the IPQD/graphene counterparts. In addition, the UV-vis-NIR broadband detection (350-940 nm) enables this phototransistor for the application of NIR detection. The stabi lized CsPbI 3 QDs synthesis method also helps the heterojunc tion phototransistor obtain good ambient stability; the device could almost maintain the original detection performance after being stored in air for 1 month.
Experimental Section
Device Fabrication: CsPbI 3 QDs were synthesized via the method reported previously. [25] Specially, methyl acetate (MeOAc) was added into the crude CsPbI 3 QD solution to purify QDs, the obtained QDs were dispersed in hexane or octane and could be stored in air for months. Heavily n-doped silicon wafers with a thermally grown SiO 2 layer (200 nm) were used as substrates. Cr (10 nm)/Au (50 nm) electrodes were defined by photolithography with a channel length (L) of 100 µm and width (W) of 1 mm. The prepatterned substrates were cleaned by sonication in acetone, isopropyl alcohol and DI water in sequence, and then dried by air blow. The silicon dioxide surface was treated with oxygen plasma for 20 min before submerging into a 1% decyltrichlorosilane (Gelest, Inc.) solution in toluene (99.9%, Fisher Scientific, Hampton, NH) at 60 °C for 30 min to form a self-assemble layer. DPP-DTT polymer was purchased from Ossila Limited (Sheffield, UK) and used as received. Its weight average molecular weight (M w ) is 279k and polydispersity index (PDI) is 3.65. DPP-DTT was fully dissolved in chloroform (99.9%, Fisher Scientific) at elevated temperatures upon stirring. The polymer solution was spin coated onto the cleaned substrates at the speed of 1500 rpm in glovebox and annealed at 100 °C for 20 min to result in a film with thickness of 25 nm. The CsPbI 3 QD solution was spin-coated onto the polymer layer at the speed of 1000 rpm for 45 s, the spin coating process was repeated 1-4 times to form different thickness of the perovskite layer.
Characterizations of Perovskite Layers: TEM images were obtained using Tecnai G2 F20 operated at 200 kV. The phototransistor architecture and the surface morphology of the perovskite were characterized by SEM (FEI Sirion). UV-vis absorption spectra of the films were acquired with Varian Cary 5000 UV-vis-NIR Spectrophotometer. Steady-state PL spectra were measured at room temperature using a spectrofluorometer (Fluorolog FL-3, Jobin Yvon Horiba) with 450 nm excitation wavelength. Time-resolved PL decays were measured using a time-correlated singlephoton counting system (FluoTime 100, PicoQuant) with a pulse laser excitation source (470 nm, 60 ps, 40 MHz).
Device Performance Measurements: The device I-V measurements were performed using a Keithley 6430 remote source meter and an Agilent 3655 DC power supply. The drain-source electrodes were connected to Keithley 6430 and the DC power supply applied the voltage to the gate electrode. A 405 nm laser was used as the light source, several neutral density filters were used to alter the illumination intensity. The responsivity spectral response was measured with a tungsten white light source, the monochromatic light with different wavelengths was provided through an Acton Research SpectraPro 275 monochromator. The device response times were measured by modulating the 405 nm laser with a function generator. The offset dark current of the phototransistor was acquired at a sampling rate of 200 Hz and the noise spectral density was obtained by doing a Fast Fourier Transform of the measured dark current.
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